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When technicolor (TC), QCD, extended technicolor (ETC) and other interactions become coupled
through their different Schwinger-Dyson equations, the solution of these equations are modified
compared to those of the isolated equations. The change in the self-energies is similar to that
obtained in the presence of four-fermion interactions, but without their ad hoc inclusion in the
theory. In this case TC and QCD self-energies decrease logarithmically with the momenta, which
allows us to build models where ETC boson masses can be pushed to very high energies, and their
effects will barely appear at present energies. Here we present a detailed discussion of this class of
TC models. We first review the Schwinger-Dyson TC and QCD coupled equations and explain the
origin of the asymptotic self-energies. We develop the basic ideas of how viable TC models may be
built along this line, where ordinary lepton masses are naturally lighter than quark masses. One
specific unified TC model associated with a necessary horizontal (or family) symmetry is described.
The values of scalar and pseudo-Goldstone boson masses in this class of models are also discussed,
as well as the value of the trilinear scalar coupling, and the consistency of the models with the
experimental constraints.
I. INTRODUCTION
Over the years there have been many attempts to solve
some of the drawbacks of the Standard Model (SM) re-
lated to the presence of a fundamental scalar boson (like
the hierarchy problem, triviality, etc...). Some of the pro-
posals along these lines are interesting due to the fact
that fundamental scalar bosons fit naturally into these
models, as in supersymmetric models [1–3] and asymp-
totically safe SM extensions [4, 5]. However, no signals of
these theories have appeared so far. The Higgs particle
found at the LHC [6, 7] may be the first signal of a fun-
damental scalar boson, although the possibility that this
boson is a composite one has not yet been discarded, and
in this case some of the SM problems commented above
may be alleviated.
Scalar bosons are essential to the mechanisms of chiral
and gauge symmetry breaking in the SM, but it should be
remembered that most of what we have learned about the
mechanisms of spontaneous symmetry breaking is based
on the presence of composite or pair-correlated scalar
states, as happens in the Nambu-Jona-Lasinio model,
QCD chiral symmetry breaking, and in the microscopic
BCS theory of superconductivity. For instance, chiral
symmetry breaking is promoted in QCD by a nontriv-
ial vacuum expectation value of a fermion bilinear op-
erator and the role of the Higgs boson is played by the
composite σ meson. These types of gauge theory mod-
els, dubbed technicolor (TC), were proposed 40 years
ago [8, 9] and reviewed in Refs. [10, 11]. The many varia-
tions of these models continue to be studied [12–18], but
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no phenomenologically viable model has been found so
far.
It is clear that building SM extensions in order to solve
unknown questions (like the origin of the fermionic mass
spectra), is easier when we deal with fundamental scalar
bosons, than when the spontaneous symmetry breaking
is promoted by composite scalars, even if we are far from
solving the problems related to the existence of funda-
mental scalar bosons. The difficulty in models with com-
posite scalar boson resides in knowing the dynamics of
the non-Abelian gauge theory responsible for their for-
mation.
We may say that the root of most TC problems lies
in the way the ordinary fermions acquire their masses,
which is shown in Fig.1, where an ordinary fermion f
couples to a technifermion F mediated by an extended
technicolor (ETC) boson.
f
ETC
f F F
FIG. 1. Ordinary fermion mass f in ETC models
Assuming a standard non-Abelian TC self-energy (ΣT)
given by [19]
ΣT(p
2) ∝
µ3TC
p2
(
p
µTC
)γm
, (1)
where µTC is the characteristic TC dynamical mass at
zero momentum (of order the Fermi mass) and γm is the
anomalous mass dimension (which depends on the TC
coupling constant, and for an asymptotically free theory
has a small value), the ordinary fermion mass turns out
2to be
mf ∝
µ3TC
M2
E
, (2)
where ME is the ETC gauge boson mass. In order to
explain the top-quark mass we need a small ME value,
and since ETC is one interaction that changes flavor, the
simplest model that we can imagine will inevitably lead
to flavor changing neutral currents incompatible with the
experimental data (among other problems).
Solutions to the above dilemma seem to require a large
γm value [20] leading to a TC self-energy with a harder
momentum behavior, and many models along these lines
can be found in the literature [21–33]. In particular,
we may quote the work of Takeuchi [34] where the TC
Schwinger-Dyson equation (SDE) was solved with the in-
troduction of an four-fermion ad hoc interaction, which
can lead to the following expression for the TC self-
energy:
ΣT(p
2 →∞) ∝ ln−δ(p2/µ2TC), (3)
where δ is a function of the many parameters of the
model. The Takeuchi solution, when dominated by the
four-fermion interaction, is not different from the behav-
ior of the self-energy when a bare mass is introduced into
the theory, or from irregular SDE solution [19].
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FIG. 2. The coupled system of SDEs for TC
(T ≡technifermion) and QCD (Q ≡quark) including ETC
and electroweak or other corrections. G (g) indicates a tech-
nigluon (gluon).
Recently, we numerically solved the coupled TC [based
on an SU(2) group] and QCD gap equations [35], which
are depicted in the Fig.2. It turned out that both self-
energies have the same asymptotic behavior as Eq.(3). It
is not difficult to understand the origin of such behavior.
In Ref. [36] we analytically verified that the radiative
corrections shown in Fig.2 act as an effective bare mass.
In the case of ordinary quarks the second diagram (b2) on
the right-hand of Fig.2 originates an effective mass due
to TC condensation; on the other hand, the techniquarks
obtain a tiny effective mass due to QCD condensation
[see diagram (a2) in Fig.2], and an even larger mass due
to the other diagrams [(a3) and (a4)]. Therefore, the TC
self-energy can be described by
ΣT(p
2) ≈ µTC
[
1 + δ1 ln
[
(p2 + µ2TC)/µ
2
TC
]]−δ2
, (4)
where δ1 and δ2 are parameters that will depend on
the many possible SDE radiative corrections depicted in
Fig.2; in particular, the dominant correction to the tech-
nifermion masses will be generated by diagrams (a3) and
(a4) of Fig.2, and by diagram (b2) in the case of ordinary
fermion masses. We get a similar expression for ordi-
nary quarks, and it should be noticed that the isolated
infrared TC and QCD self-energy behavior is the tradi-
tional one [the one associated to the regular solution or
Eq.(1)] with dynamical masses of order µTC ≈ O(1)TeV
and µQCD ≈ 250MeV, respectively, i.e., the coupled SDE
system is a combination of the regular and irregular self-
energy solutions [19]. It is interesting to recall that such
behavior is indeed that which minimizes the vacuum en-
ergy in gauge theories [37], and it is not different from
Takeuchi’s result but rather originates from known inter-
actions (QCD, for example).
The main consequence of the results of Refs. [35] and
[36] [i.e., Eq.(4)] is that the dynamically generated masses
will barely depend on the ETC scale ME. In Ref.[35]
we numerically verified that the ordinary quark masses
behave as
mQ ∝ λEµTC[1 + κ1 ln(M
2
E
/µ2TC)]
−κ2 , (5)
where λE involves ETC couplings, a Casimir operator
eigenvalue, and other constants, and κi are related to
the self-energies that enter in the calculation of the gen-
erated masses, which is compatible with the quark mass
computed with the help of Eq.(4). Looking at Eq.(5), it
is clear that we can push the ETC scale up to the grand
unification scale (or even the Planck scale) without large
variations of the mQ values withME . It is also clear that
the ordinary fermionic mass hierarchy will not arise from
different ME scales! The purpose of the present work
it to discuss how viable TC models can be built in this
context, as well as to verify the phenomenological conse-
quences of these models, and to show how that they can
be consistent with existing high-energy data.
It is important to note that the study of SDEs is very
sophisticated, taking into account gluon-mass generation
and possibly confinement [38–42] as well as complex ver-
tex structures [43, 44]. However, the solutions discussed
in Refs. [35, 36] and in this work are related to the asymp-
totic behavior produced by the effective mass of the cou-
pled SDE, and are not affected by the infrared intricacies
of the strongly interacting theories.
The paper is organized as follows. In Sec. II we present
one specific TC model, which is just an example of the
3many models that can be built along the lines described
in that section. We discuss the fact that a horizontal
symmetry is necessary in this scheme. In Sec. III we
discuss how a composite scalar boson can be lighter than
the typical composition scale of the theory responsible
for this particular state. In Sec. IV we determine the or-
der of magnitude of pseudo-Goldstone masses. In Sec. V
we compare the value of the TC condensate in our model
with the one expected in walking TC theories. Section
VI contains a brief discussion of possible experimental
consequences of the models discussed in Sec. II, and in
Sec. VII we discuss what can be expected regarding the
trilinear scalar coupling. Section VIII contains our con-
clusions.
II. BUILDING TC MODELS
In Ref. [35] we briefly proposed one specific TC model,
which will be detailed here. As will be discussed at the
end of this section, there is a large class of models that
can be built along the same lines as the model described
here. The model discussed in Ref. [35] is based on the
following group structure
SU(9)U ⊗ SU(3)H ,
where the SU(9)U group is a non-Abelian grand unified
theory (GUT) containing the SM and a SU(4)TC group.
The SU(3)H group is a horizontal or family symmetry
that is important for generating the hierarchy of fermion
masses.
There are several reasons for this particular choice.
First, the SU(9)U GUT will play the role of ETC, be-
cause the generated fermion masses will weakly depend
on the GUT boson masses (here acting as “ETC” bo-
son masses) as shown in Eq.(5). This group also con-
tains the standard SU(5)gg Georgi-Glashow GUT [45].
Second, the SU(4)TC group contained in the GUT will
condense before QCD, generating an appropriate Fermi
scale necessary to break the electroweak group. Note
that this choice is based on the most attractive channel
(MAC) hypothesis [46, 47], but it can be relaxed if the
GUT breaking can be promoted at very high energies,
where even fundamental scalar bosons may be natural
due to the presence of supersymmetry [1, 2]. In this
case we could not neglect the possibility of a small TC
group [perhaps SU(2)] that condenses at one mass scale
larger than the QCD one. Third, the horizontal or family
symmetry is necessary to prevent the first- and second-
generation ordinary fermions from coupling to TC. The
third fermionic generation will obtain masses due to dia-
grams like the one in Fig.1, and will be of order λEµTC,
as described below.
The SU(9)U group has the following anomaly free
fermionic representations [48]:
5⊗ [9, 8]i ⊕ 1⊗ [9, 2]i , (6)
where [8] and [2] are antisymmetric under SU(9)U , and
i = 1, 2, 3 is the horizontal index necessary for the repli-
cation of the SU(3)H families. The decompositions of
these representations under SU(4)TC ⊗ SU(5)gg are
[9,2]i
(1, 10) =


0 u¯iB −u¯iY −uiR −diR
−u¯iB 0 u¯iR −uiY −diY
u¯iY −u¯iR 0 −uiB −diB
uiR uiY uiB 0 e¯i
diR diY diB −e¯i 0


(4, 5) =


TiR
TiY
TiB
L¯i
N¯i


TC
, (6¯, 1) = Ni
[9,8]i
(1, 5¯) =


d¯iR
d¯iY
d¯iB
ei
νei

 (1, 5¯) =


X¯Rk
X¯Yk
X¯Bk
Ek
NEk


i
(4¯, 1) = T¯iε, Li, NiL.
In the fermionic content of the above model, we iden-
tify the usual quarks as Q = (u, d), while T corresponds
to techniquarks and (L,N) to technileptons, where ε =
R, Y,B is a color index, and k = 1...4 indicates the gener-
ation number of exotic fermions that must be introduced
in order to render the model anomaly free.
The SU(3)H quantum numbers must be assigned such
that the quartet of technifermions that condenses in the
MAC of the product 4¯⊗ 4 belongs to the 6 representa-
tion of the horizontal group, whereas the QCD quark con-
densate (generated in the color product 3¯⊗ 3), is formed
in the triplet representation (3) of SU(3)H . This is noth-
ing else than the horizontal symmetry scheme with fun-
damental scalar bosons proposed in Refs. [49–52], and
it leads to a quark mass matrix in the horizontal group
basis of the form
mq =

 0 m1 0m∗1 0 0
0 0 m3

 , (7)
where m1 and m3 indicate the first- and third-generation
quark masses.
It is instructive to show the diagrams that lead to the
different masses shown in Eq.(7). For instance, let us
assume that mq is the mass matrix of charge 2/3 quarks,
where m3 would be related to the top-quark mass. The
diagrams responsible for this mass are shown in Fig.3.
In this figure the technifermions T and L [that con-
dense in the 6 of SU(3)H ] give masses to the t quark
4m3 = +
SU(9) SU(9)
t tT L
FIG. 3. Diagrams contributing to the top-quark mass.
whose interaction is mediated by one SU(9) gauge boson.
Apart from the logarithmic term appearing in Eq.(5) this
mass is
m3 ≈ 2λ9µTC , (8)
where we can assume that λ9 ≈ 0.1, is the product of the
SU(9) coupling constant times some Casimir operator
eigenvalue, the factor 2 accounts both diagrams of Fig.3,
and µTC can be assumed to be of O(1)TeV. The SU(9)
interaction is playing the role of the ETC interaction.
These naive assumptions will lead to a top-quark mass of
approximately 200GeV. The logarithmic term appearing
in Eq.(5) [and neglected in Eq.(8)] slightly decreases the
value of our rough estimate.
Note that the first and second charge 2/3 quarks do not
couple directly to the techniquarks due to the different
SU(3)H quantum numbers, and at this level they remain
massless.
We can now see how the first-generation fermions ob-
tain their masses. In Fig.4 we show the diagrams that are
responsible for the u-quark mass. This quark does not
= +
u uu, d c
m1
SU(5) SU(3)H
FIG. 4. Diagrams contributing to the light-quarks masses.
couple to techniquarks at leading order, but does couple
to other ordinary quark and itself due to the bosons of
the unified theory and the horizontal one. Its mass can
be approximated from Eq.(5) [as we did to obtain Eq.(8)]
and is given by
m1 ≈ λ5µQCD , (9)
where we can assume naively that the SU(5)gg factor
λ5 ≈ 0.1 and µQCD ≈ 200MeV, which gives a mass of
order 20MeV. Here we do not introduce a factor of 2 in
Eq.(9) due to the presence of the two diagrams in Fig.4,
because the c-quark condensate (in the second diagram
of Fig.4) may be smaller than the u and d condensates1.
1 Note that the self-energy and the condensate values are inti-
mately connected, i.e., one is basically an integral of the other.
In Eqs.(8) and (9) we probably overestimated the re-
sults when we neglected the logarithmic dependence on
the unified or “ETC” boson masses. These are very sim-
ple calculations. To obtain better estimates we must
solve the coupled SDE and obtain good fits to the self-
energies, which would give us reasonable values for the
parameters δ1 and δ2 in the approximate expression of
Eq.(4). It is clear that this is far beyond the scope of
this work.
The mass of the second quark generation will necessar-
ily involve the horizontal symmetry, where the coupling
to techniquarks will appear only at two-loop order. The
c-quark mass will be generated by diagrams like the ones
shown in Fig.5, and it is expected to be 1 order of mag-
m2 =
SU(3)H SU(3)H
SU(9) SU(9)
+
tc cT t L
FIG. 5. Diagrams contributing to the c-quark mass.
nitude below the typical mass of the third quark gener-
ation, due to an extra factor λ3H ≈ 0.1 that contains
the SU(3)H coupling constant. In this way, we verify
that the horizontal or family symmetry is fundamental
to generate a quark mass matrix with the Fritzsch tex-
ture [57, 58]
mq =

 0 m1 0m∗1 0 m2
0 m∗2 m3

 , (10)
which has several good qualities of the experimentally
known quark mass matrix.
Lepton masses will appear in the same way as quark
masses. The τ lepton is the only one that will couple
with techniquarks at leading order, due to the appropri-
ate choice of quantum numbers of the horizontal symme-
try. As a consequence, the mass matrix for the leptonic
sector is similar to the one described above, although
lepton masses should be naturally smaller than quark
masses, because quarks end up coupling to two different
condensates and a larger number of diagrams contribute
to their masses. It is not difficult to verify the different
number of SDEs between quarks and leptons that can be
The c-quark self-energy appearing in Fig.4 will involve the same
type of integral as the c-quark condensate. It is known that
the introduction of heavy quark masses act to diminish the
condensate value or the amount of chiral symmetry breaking
[53]. For example, it has been determined for the s-quark that
〈s¯s〉 / 〈u¯u〉 = 0.6± 0.1 [54, 55]. In Ref. [56] the same effect of a
heavy fermion mass (e.g., fermion loops) was also observed as a
factor that lowers the composite Higgs boson mass. Therefore,
the second diagram of Fig.4 is expected to have a smaller effect
in the calculation of the first-generation quark masses.
5generated with the Feynman rules of the model described
here.
We have not discussed the SU(9)U and horizontal sym-
metry breaking, which we just assume to happens at the
unification scale Λ
SU(9)
, which can possibly be naturally
promoted by fundamental scalar bosons. The breaking
of the GUT symmetry can also be used to produce a
larger splitting in the third fermionic generation. For in-
stance, if in the SU(9)U breaking (besides the Standard
model interactions and the TC one) we leave an extra
U(1) interaction, we could have quantum numbers such
that only the top quark would be allowed to couple to
the TC condensate at leading order. In fact, the split-
ting (S(t−b)) between the t and b quarks
S(t−b) =
mb
mt
≈
1
40
, (11)
is quite large, and it is interesting that the b quark and
the τ lepton could couple at a larger order in the coupling
constant [possibly (α29)], which could be accomplished by
this remaining U(1) interaction that we referred to above.
More sophisticated models in which large fermionic mass
splittings and even neutrino masses can be generated
were presented in Refs. [59–63].
At this point, we hope that we have made clear the
necessity of introducing a horizontal or family symme-
try. It is necessary to prevent the first and second gener-
ations of ordinary fermions from obtaining large masses
that couple to TC at leading order. This symmetry can
be a local one, but a global symmetry is not necessarily
discarded. If the family symmetry is local, its breaking
can also happen at very high energies and (again) may
even be promoted by fundamental scalars at the GUT or
Planck scale, producing feeble effects at lower energies.
When building a TC model the existence of grand uni-
fication is also welcome. For example, in the model de-
scribed here a SU(5)gg gauge boson interaction is funda-
mental to give the electron a mass, which appears due to
the electron coupling to the first-generation quark, with
exactly the same interaction that may mediate proton
decay in the SU(5)gg theory. There are more diagrams
contributing to the first-generation quark masses than
there are for the electron mass, which may explain why
leptons are less massive than quarks.
Concerning the possible class of models presented here,
it is also clear that a full and precise determination of
the mass spectra is quite complex. Once a GUT involv-
ing the SM and TC is proposed, we also have to choose
the horizontal symmetry. The coupled SDE of such a
model has to be solved by determining all self-energies
with their specific infrared and ultraviolet expressions.
Of course, simple estimates can be made by approximat-
ing the calculation of each specific fermion mass diagram,
by the product of the dynamical mass involved in the
diagram (TC or QCD) with the respective coupling con-
stants and Casimir operator eigenvalues, as performed in
Eqs.(8) and (9) where a logarithmic term was neglected.
III. SCALAR MASS
The common lore about theories with a composite
scalar boson is that its mass should be of the order
of the dynamical mass scale that forms such particle.
This concept is related to the work of Nambu-Jona-
Lasinio [64] and was also discussed for the σ meson in
QCD [65], where the scalar composite mass appearing in
one strongly interacting theory is given by
mσ = 2µQCD . (12)
Equation (12) comes from the fact that at leading order
the SDE for the quark propagator is similar to the ho-
mogeneous Bethe-Salpeter equation (BSE) for a massless
pseudoscalar bound state ΦPBS(p, q)|q→0 (the pion), and
a scalar p-wave bound state ΦSBS(p, q)|q2=4µ2 [the sigma
meson or the f0(500) [66]], i.e.,
Σ(p2) ≈ ΦPBS(p, q)|q→0 ≈ Φ
S
BS(p, q)|q2=4µ2QCD . (13)
Equation (13) tells us that in QCD the σ meson must
have a mass 2µQCD ≈ 500MeV. In TC we should expect
a scalar boson with a mass of 2TeV, which is clearly not
the case for the observed Higgs boson [6, 7]
There are two subtle points concerning the result of
Eq.(12) and the determination of the scalar composite
mass. The first one is that Eq.(12) was determined using
the homogeneous BSE. There is nothing wrong with this.
However this gives the right result if the fermionic self-
energy that enters into the BSE is a soft one. When the
self-energy decreases slowly [as in Eq.(4)] the scalar mass
is modified by the normalization condition of the inho-
mogeneous BSE. This modification lowers the composite
scalar mass as a consequence of Eq.(4). The second point
about Eq.(12) that we would like to note is not exactly
about the equation itself, but rather about the values of
the dynamical QCD and TC mass scales that arise at
such a scale. The QCD dynamical mass scale is usually
extracted from the hadronic spectra; for instance, it is ex-
pected to be 1/3 of the nucleon mass or 1/2 of the sigma
meson mass. However, it is not currently clear how much
this spectra is affected by gluons (or technigluons in the
TC case) and mixing among different particles. These
points will be discussed in the following subsections.
A. Normalization condition and the scalar mass
The BSE normalization condition in the case of a non-
Abelian gauge theory is given by [19]
2ıqµ = ı
2
∫
d4p T r
{
P(p, p+ q)
[
∂
∂qµ
F (p, q)
]
P(p, p+ q)
}
−ı2
∫
d4pd4k T r
{
P(k, k + q)
[
∂
∂qµ
K ′(p, k, q)
]
P(p, p+ q)
}
where
K ′(p, k, q) =
1
(2pi)4
K(p, k, q) ,
6F (p, q) =
1
(2pi)4
S−1(p+ q)S−1(p) ,
where P(p, p+ q) is a solution of the homogeneous BSE
and K(p, k, q) is the fermion-antifermion scattering ker-
nel in the ladder approximation. When the internal mo-
mentum qµ → 0, the wave function P(p, p + q) can be
determined only through the knowledge of the fermionic
propagator:
P(p) = S(p)γ5
Σ(p)
FΠ
S(p) , (14)
where Σ(p) will describe the technifermion self-energy
and it should be noticed that FΠ describes the technip-
ion decay constant associated with nd technifermion dou-
blets. If we identify Σ(p2) ≡ µTCf(p
2) we can write the
normalization condition in the rainbow approximation as
2i
(
Fpi
µTC
)2
qµ =
i2
(2pi)4
×
[∫
d4p T r
{
S(p)f(p)γ5S(p)
[
∂
∂qµ
S−1(p+ q)S−1(p)
]
S(p)f(p)γ5S(p)
}
+
i2
(2pi)4
∫
d4pd4k T r
{
S(k)
f(k)γ5S(k)
[
∂
∂qµ
K(p, k, q)
]
S(p)f(p)γ5S(p)
}]
.
(15)
Equation (15) is quite complicated, but it can be sep-
arated into two parts:
2i
(
FΠ
µTC
)2
qµ = I
0
µ + I
K
µ , (16)
corresponding, respectively, to the two integrals on the
right-hand side of Eq.(15). The fermion propagator given
by S(p) = 1/[ 6p− Σ(p)] can be written as
∂
∂qµ
S−1(p+ q) = γµ −
∂
∂qµ
Σ(p+ q) , (17)
and the term ∂
∂qµ
Σ(p + q) in the above expression may
be written as
∂Σ(p+ q)
∂qµ
= (p+ q)µ
dΣ(Q2)
dQ2
(18)
where Q2 = (p + q)µ(p + q)
µ. Considering the angle
approximation we transform the term dΣ(Q
2)
dQ2
as
dΣ(Q2)
dQ2
=
dΣ(p2)
dp2
Θ(p2 − q2) +
dΣ(q2)
dq2
Θ(q2 − p2) (19)
where Θ is the Heaviside step function. We can finally
contract Eq.(16) with qµ and compute it at q2 =M2H in
order to obtain
M2H = 4µ
2
TC
{nfNTC
8pi2
∫
d2p
f2(p)Σ(p)
(p2 +Σ2(p))2
×
×
(
−p2
dΣ(p)
dp2
)(
µTC
FΠ
)2
+
+ IK(q2 =M2H , f(p, k), g
2
TC(p, k))
}
, (20)
where nf is the number of technifermions, NTC is the
number of technicolors and gTC is the technicolor cou-
pling constant.
An expression similar to Eq.(20) was already obtained
by us in Ref. [67]. In that work we just assumed (in a to-
tally ad hoc fashion) a hard momentum behavior for the
TC self-energy. The calculation here will differ not only
in the origin of the self-energy but also in the approach
we follow to determine the value of MH . Considering
the work of Ref. [36] it becomes evident that the behav-
ior of MH is a result that will fundamentally depend on
the boundary conditions satisfied by the coupled system
described in Fig.2. In Eq.(20) the UV behavior of the
term
(UV) lim
p2→Λ2
− p2
dΣ(p)
dp2
, (21)
will be affected by the effective mass generated by the
diagrams (a2), (a3), and (a4) in Fig.2. In Ref. [36] we
verified that the UV behavior of the term in Eq.(21) is
modified as αE is different or equal to zero, and we shall
comment on this term later.
We compute MH by numerically solving the differen-
tial coupled equations shown in Eqs.(11) and (12) of
Ref. [36] , fitting the resulting solutions (all fits with
R2 = 0.98), and inserting the fits into Eq.(20). We
consider the TC gauge groups SU(2)TC , SU(3)TC and
SU(4)TC , with nf = 5 fermions in the fundamental rep-
resentation, µTC = 1TeV, and use the MAC hypoth-
esis to constrain the TC gauge coupling and Casimir
eigenvalue. Hereafter, we follow Refs. [35, 36] and use
a Casimir eigenvalue CE = 1 and gauge coupling con-
stant αE = 0.032, which are quantities related to the
ETC gauge theory.
Our results forMH are shown in Table I, where we can
see that the normalization condition lowers the scalar
mass by a factor of O(1/10). The results are consis-
tent with those of Ref. [67] obtained with the naive as-
sumption of an irregular solution for the TC self-energy.
Therefore, the effect of radiative corrections in coupled
SDEs involving a TC theory act in order to produce a
scalar composite boson with a mass compatible with that
of the observed Higgs boson.
B. Dynamical mass scales and mixing
The most precise quantity to constrain the dynamical
mass scale in the QCD case is the pion decay constant,
7SU(N) nf MH(GeV)
2 5 105.3
3 5 141.5
4 5 148.8
TABLE I. The last column contains the composite scalar
mass determined through Eq.(20), where we used the TC self-
energy obtained by solving the coupled SDE system. The dif-
ferent factors and couplings of the gap equations are described
in the text.
which is a function of the quark self-energy. In the TC
case the technipion decay constant is related to the W
and Z gauge boson masses. However, in both cases that
quantity depends on the dynamical mass scale as well
as the functional expression for the self-energy. There-
fore, we have some freedom in pinpointing the dynamical
mass scale. Even the numerical determination of the self-
energy through SDE solutions includes the introduction
of a cutoff and specific approximations. We conclude that
the calculation of the scalar boson mass depends on the
functional form of the self-energy and on the dynamical
mass scale. It is curious that in the past the scalar boson
mass was considered in order to constrain the dynamical
mass scale, i.e., in QCD the scalar σ meson mass has led
to the usual value µQCD ≈ 250MeV, which is also approx-
imately the value of the QCD mass scale (ΛQCD). The
problem is that the result of Eq.(12) is modified not only
by the inhomogeneous BSE condition, butalso by many
other effects as we discuss in the following.
The dynamical QCD mass scale is also thought to be
related to the nucleon mass, but even this is not cer-
tain since we do not know how much gluons contribute
to the nucleon mass [68]. It is also not yet clear how
much of the sigma meson mass comes from mixing with
heavier quark-antiquark scalars and with glueballs [69–
74], and the same is true if we just exchange QCD with
TC, which means that the scales µQCD and µTC may be
smaller than usually thought, leading to a smaller scalar
composite mass (i.e., the σ and the “Higgs” mass). The
scalar mass can also be modified by the effect of radiative
loop corrections due to the presence of heavy fermions,
as described in Ref. [56].
These are not the only effects that modify the scalar
mass and lead to a new relation between the scalar mass
and the dynamical mass scale. There is still another ef-
fect that is intimately related to the type of dynamical
symmetry breaking model that we discussed in the pre-
vious section.
In Sec. II we discussed a model with two composite
scalar states responsible for the chiral (and gauge) sym-
metry breaking: the scalars belonging to the 6 and 3
representations of the horizontal group formed by tech-
nifermions and quarks, respectively. The different scalars
may mix among themselves due to electroweak or other
interactions, as already pointed out in Ref. [35].
An order-of-magnitude estimate of these mixing di-
agrams is quite lengthy, but the most important fact
is that the scalar coupling to the electroweak bosons
is going to be enhanced, when compared to this cou-
pling calculated when the TC self-energy is soft. Note
that this effective coupling happens when scalars and
W bosons couple through a ordinary fermion or tech-
nifermion loop. The W coupling to fermions is the SM
one, while the scalar composite coupling to ordinary
fermions was shown by Carpenter et al. [75, 76] to be pro-
portional to gw2MW Σ, where Σ is the fermionic self-energy,
which now is a slowly decreasing function of momentum
and enhances the effective coupling. If we denote a com-
posite scalar by φ, it is possible to show that the φφWW
effective coupling will be proportional to [77]
ΓφφWW ∝
g4W δ
ab
M2W
gµν
32pi2
∫
dq2
Σ2φ
q2
, (22)
where Σφ has to be substituted by the TC or QCD self-
energy depending on which fermion is involved in the
composite scalar. Of course, the complete calculation of
the mixing diagrams is quite model dependent, but, as
commented in Ref. [35], the origin of this mixing is an-
other way to see how a full Fritzsch matrix pattern of
fermion masses can be generated in the type of model
that we are proposing here. It is due to this type of cou-
pling that the second-generation fermion masses are gen-
erated in models with fundamental scalar bosons [49–52].
Finally, in the context where all SM symmetry breaking
is promoted by composite scalars we cannot even say how
much of the σ [r f0(500)] meson mass is due to a possible
mixing with a composite Higgs boson.
IV. PSEUDO-GOLDSTONE BOSONS
In the condensation of the SU(4)TC group a large num-
ber of Goldstone bosons are formed. Even if we consider
other TC groups, only three of the Goldstone bosons are
absorbed in the SM gauge breaking, and regardless of
the theory we may end up with several light composite
states resulting from the chiral symmetry breaking of the
strong sector.
These pseudo-Goldstone bosons (or technipions) in the
model of Sec. II may have different quantum numbers.
They may be colored bosons Q¯γ5λ
aQ, where λa is a
color group generator, charged bosons L¯γ5Q and neu-
tral pseudo-Goldstone bosons N¯γ5N . These bosons re-
ceive masses through radiative corrections, and we will
verify that, as a consequence of the logarithmic TC self-
energy, they will be heavier than usually thought, which
is desired in view of the stringent limits on light techni-
pions [78].
In Ref. [35] we briefly commented that the technip-
ion masses (mΠ) are enhanced in comparison with mod-
els where the TC self-energy does not have the form of
Eq.(4). One of the arguments is quite simple: the tech-
nifermions obtain an effective mass (mF ) of several GeV
through diagrams (a3) and (a4) of Fig.2. Note that in
8our case the condensation effect is not soft, and the cal-
culation of these diagrams will result in a mass that is
not different from those of the third ordinary fermionic
family. In particular, in our model there will be sev-
eral contributions to these types of diagrams. Even the
neutral technifermion N will receive contributions from
TC condensation mediated by the electroweak Z boson,
and from QCD condensation due to SU(9) GUT bosons.
These masses, apart from small logarithmic terms, will
be roughly of order
mF ≈
∑
i
λiµTC , (23)
where λi represents the product of some coupling con-
stant times Casimir operator eigenvalue contained in any
diagram of the type (a3) or (a4) contributing to the
technifermion mass. For the colored and charged tech-
nifermions we cannot even discard a mass as heavy or
higher than the top-quark mass. These masses will gen-
erate rather heavy technipions as can be verified using
the Gell-Mann-Oakes-Renner relation
m2Π ≈ mF
〈
ψ¯TψT
〉
2F 2Π
, (24)
where
〈
ψ¯TψT
〉
is the TC condensate and FΠ is the tech-
nipion decay constant. With mF of order of several GeV
and standard values for the condensate and technipion
decay constant the technipion masses turn out to be of
order of 100 GeV or higher, as discussed in Ref. [35].
Another way to see that technipion masses are en-
hanced through the calculation of a diagram that was
already shown in Ref. [35] (see Fig.4 of that reference).
Any radiative boson exchange within a technipion modi-
fying its mass will necessarily involve the technipion ver-
tex connecting it to technifermions (ΓΠF ). However this
vertex is proportional to the technipion wave function
ΦΠBS(p, q), which at leading order is also related to the
TC self-energy as
ΦΠBS(p, q)
∣∣
q→0
≈ ΣT (p
2) , (25)
which is responsible for an enhancement of this radiative
correction. An order-of-magnitude calculation of such a
diagram was presented in Ref. [35], and we will comment
later on the phenomenology of technipions with masses
that are not very different from that of the Higgs boson.
V. TC CONDENSATE
In the previous section and throughout this work we
have commented about the different condensates (TC
and QCD), and it is interesting to make a connection be-
tween the several studies about the TC condensate value
based on walking TC [79] and the one we are discussing
here. The TC condensate at one high energy scale Λ is
related to its value at another scale µ by〈
ψ¯TψT
〉
Λ
= Z−1m
〈
ψ¯TψT
〉
µ
, (26)
where Z−1m is a renormalization constant which is given
by
Z−1m ∼
(
Λ
µ
)γm
,
where γm is the condensate operator anomalous dimen-
sion.
It is possible to compare the condensate values for a
theory where the anomalous dimension is perturbative
and small at high energy, i.e. γm → 0 and the one with
a nontrivial large anomalous dimension, for instance, in
the extreme walking case where γm → 2. We can define
the following ratio that measures the difference between
condensates in the walking and nonwalking regimes:
Rw =
〈
ψ¯TψT
〉γm→2
Λ〈
ψ¯TψT
〉γm→0
Λ
, (27)
Considering these extreme cases this ratio is proportional
to
Rw|γm→2 ≈
(
Λ
µ
)2
, (28)
and this expression serves as an indicator of how much
the theory is modified by the nontrivial anomalous di-
mension. This kind of relation can also be used to verify
how radiative corrections appearing in Fig.2 change the
TC behavior.
The UV boundary conditions of the differential TC gap
equations modified by the radiative corrections (as can
be seen in Ref. [36]) are given by
p2
dΣ(p)
dp2
∣∣∣∣
Λ→∞
= −a
∫ Λ2
0
dk2
Σ(k)
k2 +Σ2(p)
, (29)
where a is a factor involving the gauge coupling constant
and Casimir operator eigenvalue related to the interac-
tion that induces the radiative correction [e.g., constants
related to one of the diagrams (a2), (a3) or (a4) in Fig.2].
On the other hand, we recall that in an SU(N) gauge
theory the condensate can be represented by
〈
ψ¯TψT
〉
Λ
= −
N
4pi2
∫ Λ2
0
dk2
Σ(k)
k2 +Σ2(k)
. (30)
These relations allow us to redefine the ratio shown in
Eq.(27) where the condensate values are determined with
and without radiative corrections, i.e., when they are cal-
culated with the coupled SDE system (αE 6= 0 ) and with
the values of the isolated condensates (αE = 0),
Rrad.cor.w =
〈
ψ¯TψT
〉αE 6=0
Λ〈
ψ¯TψT
〉αE=0
Λ
≈
p2 dΣ(p)
dp2
∣∣∣αE 6=0
Λ→∞
p2 dΣ(p)
dp2
∣∣∣αE=0
Λ→∞
. (31)
We computed Eq.(31) by considering the solutions of
the coupled and isolated SDE system in the case of the
9SU(3) TC group, with µ = 1 TeV, αE = 0.032, αTC =
0.87 and C
TC
= 4/3. The self-energies were obtained in
terms of the variable x = p2/µ2 for each ETC scale ME,
and the condensates were integrated from x = 102 up to
the UV cutoff xΛ = Λ
2/µ2 ∼ 107. The ratio Rrad.cor.w
was fitted with R2 = 0.999 in the form a1[ln(M
2
E/µ
2)]a2
and the result is
Rrad.cor.w ∝ 7.87× 10
6[ln(M2E/µ
2)]−4.3 . (32)
If we consider the value of our cutoff (Λ2/µ2 = 107), we
can verify that the effect of the radiative correction is
not exactly that of the extreme walking case shown in
Eq.(28), but it is still quite large. We again see that
the effect of radiative corrections is not that different
from the effect of the ad hoc four-fermion interactions
determined by Takeuchi [34]. Moreover, if we compute
the generated quark mass (mQ) as a function of the TC
condensate we obtain
mQ ≈
〈
ψ¯TψT
〉αE 6=0
Λ
Λ2
≈ C[ln(M2E/µ
2)]−κ2 , (33)
where the constant C ∼ O(µ). This behavior is consis-
tent with that of Eq.(5).
VI. EXPERIMENTAL CONSTRAINTS
A. S parameter
The S parameter provides an important test for new
physics beyond the Standard Model [80]. This parameter
can be described by the absorptive part of the vector-
vector minus axial-vector-axial-vector vacuum polariza-
tion in the following form in the case of a TC model
with new composite vector and axial-vector mesons with
masses MV and MA and respective decay constants FV
and FA [80]:
S = 4
∫ ∞
0
ds
s
ImΠ(s) = 4pi
[
F 2V
M2V
−
F 2A
M2A
]
. (34)
An interesting analysis of the S parameter in TC theo-
ries was performed in Ref. [81] with the use of the Wein-
berg sum rules, where the case of a conformal theory was
considered. In our case, we have a TC model which is
just a scaled QCD theory, with effective masses due to
the different SDE contributions shown in Fig.2, besides
its dynamical mass of O(1) TeV. There is no reason to
expect modifications of Eq.(34) for this type of theory, as
well as the simple extension to TC of the first and second
Weinberg sum rules, which are respectively
F 2V − F
2
A = F
2
Π , (35)
and
F 2VM
2
V − F
2
AM
2
A = 0 , (36)
which lead to
S = 4piF 2Π
[
1
M2V
+
1
M2A
]
. (37)
We can also apply the result of vector meson domi-
nance to Eq.(37) [82], implying that M2A = 2M
2
V . This
relation is not exact even in QCD, but by considering it
we are at most overestimating the S parameter, which is
now be given by
S ≈
6piF 2Π
M2V
. (38)
The TC technipion decay constant is usually assumed to
be FΠ ≈ 246GeV.
To determine the value of S shown in Eq.(38) we must
have one estimate of the vector-meson mass. It should
be remembered that the vector-boson mass is quite large
only due to the spin-spin part of the hyperfine interac-
tions. We can determine the vector-boson mass by using
the hyperfine splitting calculation performed in the heavy
quarkonium context in Ref. [83]
M(3S1)−M(
1S0) ≈
8
9
g¯2(0)
|ψ(0)|2
µ2
, (39)
where M(3S1) and M(
1S0) describe the masses of vec-
tor and scalar lighter bosons, respectively. In Eq.(39),
|ψ(0)|2 is the meson wave function at the origin, describ-
ing a vector boson formed by techniquarks with dynami-
cal mass µTC. Equation (39) seems to be reasonable even
when the vector-boson constituents are light [84].
We make the following assumptions: 1) The TC theory
has an infrared frozen coupling constant g¯2(0)/4pi ≈ 0.5,
whose value can be similar to several determinations
of this quantity in the QCD case (see, for instance,
Ref. [85]), 2) The lightest TC scalar boson has the
same mass as the Higgs boson found at the LHC, i.e.,
M(1S0) = 125GeV, 3) The wave function is approxi-
mated by |ψ(0)|2 ≈ µ3TC ≈ 1TeV
3, consistent with the
other BSE wave functions proportional to the dynamical
fermion mass (see Eq.(13)). As a consequence, we obtain
a vector-boson mass MV ≈ 5.71TeV, leading to
S ≈ 0.035 , (40)
whose value has probably been overestimated but is
still consistent with the experimental data (S = 0.02 ±
0.07) [66].
B. Horizontal symmetry
A necessary condition for the type of model that we
are proposing here is the presence of the horizontal (or
family) symmetry. This symmetry can be local, and it is
only necessary to enforce the connection between the TC
sector and the third ordinary fermionic generation, i.e.,
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the t and b quarks, the τ , and its neutrino. This symme-
try in general leads to flavor violations at an undesirable
level; however, in the scheme proposed here the masses of
the horizontal gauge bosons can be quite heavy, affecting
only logarithmic corrections to the fermion masses, and
not producing significant tree-level reactions that may be
severely constrained by the experimental data. On the
other hand there are hints of B decay anomalies [86–90]
which, if confirmed, could also set a mass scale for our
horizontal symmetry.
One of the anomalies in B decays appears in the mea-
surement of the ratio between the branching fractions
of the processes B0 → K∗0µ+µ− and B0 → K∗0e+e−,
which in the small dilepton invariant mass region is given
by
R(K∗) =
B0 → K∗0µ+µ−
B0 → K∗0e+e−
= 0.66+0.11−0.07± 0.03 , (41)
which is around 2.2 standard deviations away from the
SM expectation.
If such deviation is confirmed in the future, it could be
explained by a current-current interaction described by
the following effective Lagrangian:
Lh ∝ αh
λbsC
µµ
M2h
(sγνPLb)(µγ
νµ) , (42)
where αh is the horizontal gauge coupling, λbs are mixing
angles, Mh is the horizontal gauge boson mass, and C
µµ
is a Wilson coefficient. If we naively assume the results
of the SU(3)h horizontal model of Ref. [91] for these sev-
eral constants, we can roughly estimate that Mh should
be greater than 10TeV. However, this is only a guess
because (as said repeatedly in the previous sections) the
horizontal gauge boson can be quite heavy, and this scale
can be set to these masses only if the anomalies remain
discrepant with the SM expectation. Otherwise, the de-
pendence on the factor 1/M2h in all observables of this
kind will lessen experimental constraints originated from
horizontal symmetries.
There are other possible flavor-changing neutral cur-
rents induced by the horizontal symmetry. For instance,
the effective Lagrangian
Lh ∝ αh
λsd
M2h
(sLγνdL)(sRγ
νdR) , (43)
is induced by one-gauge-boson exchange and contributes
to the K0 − K¯0 transition, which for λ ≈ 1/20 requires
Mh ≥ 200TeV [92]. This contribution can be easily
evaded in our type of model simply by increasing the hor-
izontal gauge boson mass scale, which will not affect the
mechanism of ordinary fermion mass generation. There-
fore, a careful scrutiny of the gauge symmetry breaking
of the horizontal group will only be necessary if the B
decay anomaly is confirmed.
C. Technipion masses
The LHC collaborations already have enough data to
constrain the existence of light technipions [78]. Due
to the fact that the technifermions acquire masses of
O(100) GeV, the resulting pseudo-Goldstone bosons [i.e.,
those generated in the chiral breaking of the SU(4)TC TC
gauge group discussed in Sec. II] may be heavier than
the SM Higgs boson. Moreover, due to the choice of the
horizontal symmetry quantum numbers the technipions
will mainly couple to the third ordinary fermionic family,
i.e., t and b quarks and the τ lepton, in such a way that
may easily evade the limits found in Ref. [78] obtained
from data on the SM Higgs boson decaying into γγ and
τ+τ−.
The colored and charged technipions will be quite
heavy and are produced along with t and b quarks. In
the case of the decay into b quarks the branching ratio
may be reduced by a possible small coupling between this
quark and the technipion, which will happen through the
exchange of a rather heavy gauge boson, and their signal
could easily be buried in the background. This leaves us
with the lightest technipions, which should be the neutral
ones (N¯γ5N). In this case a neutral technipion may be
produced through vector-boson fusion and decay through
the weak ZZ channel.
The discussion of the TC condensate in Sec. V can be
used to estimate the neutral technipion mass (mΠ) in a
different way than in Ref. [35]. As considered in Eq.(33)
the neutral technifermion mass (mN ) in terms of the TC
condensate generated by diagram (a4) of Fig.2 is given
by
mN ∼
〈
ψ¯TψT
〉αE 6=0
Λ
Λ2
. (44)
The above equation together with Eq.(24) leads to the
following estimate of the neutral technipion mass
m2Π ≈
(
〈
ψ¯TψT
〉αE 6=0
Λ
)2
2F 2ΠΛ
2
. (45)
Assuming SU(3)TC as the TC gauge group,〈
ψ¯TψT
〉αE=0
∼ µ3 with µ = 1 TeV, Rrad.cor.w ≈
7.87 × 106[ln(M2E/µ
2)]−4.3 defined and appearing in
Eqs.(31) and (32), we obtain
mΠ ∼ 160 GeV, (46)
which is a rough estimate for the smallest pseudo-
Goldstone mass of our type of model, which has not yet
been eliminated by the LHC data [78].
The fact that in our type of model the technifermions
couple preferentially to the third fermionic family and
obtain a large effective mass due ETC interactions, and
that their other couplings to ordinary fermions are al-
ways diminished by the exchange of a very heavy hori-
zontal or GUT gauge boson makes the search for pseudo-
Goldstone signals quite difficult. The main hope for de-
tecting technipions may be the resonant production of
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the lightest neutral technipion and its decay into neutral
weak bosons.
VII. SCALAR BOSON TRILINEAR COUPLING
As already pointed out many years ago [93], the mea-
surement of the Higgs boson trilinear coupling is funda-
mental to determining the nature of this particle. If the
Higgs boson is a composite particle its trilinear coupling
may deviate from the SM value of a fundamental scalar
boson, and its measurement can even provide a signal of
the underlying theory forming the composite state [94].
In TC or any composite scalar model the scalar tri-
linear coupling is determined through its coupling to
fermions. Using Ward identities, we can show that the
couplings of the scalar boson to fermions are [76]
Ga(p+ q, p) = −ı
gW
2MW
[τaΣ(p)PR − Σ(p+ q)τ
aPL]
(47)
where PR,L =
1
2 (1 ± γ5), τ
a is a SU(2) matrix, and Σ is
the fermionic self-energy in weak-isodoublet space. As in
Ref.[76], we assume that the scalar composite Higgs bo-
son coupling to the fermionic self-energy is saturated by
the top quark. We also do not differentiate between the
two fermion momenta p and p+ q since, in all situations
of interest, Σ(p + q) ≈ Σ(p). Therefore, the coupling
between a composite Higgs boson and fermions at large
momenta is given by
λ
Hff
(p) ≡ G(p, p) ∼ −
gW
2MW
Σ(p2). (48)
The trilinear coupling of the composite scalar boson
is determined by the diagram shown in Fig.6. Assuming
T
T
T
H
H
H
FIG. 6. The dominant contribution to the trilinear scalar
coupling. The blobs in this figure represent the coupling of
the composite scalar boson to fermions. The double lines
represent the composite scalar boson.
that the coupling of the scalar boson to the fermions is
given by Eq.(48), we find that
λ
3H
=
3g3W
64pi2
(
3nF
M3W
)∫ M2E
0
Σ4(p2)p4dp2
(p2 +Σ2(p2))3
. (49)
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FIG. 7. Experimental limits on the scalar boson trilinear
coupling, and curves of the trilinear coupling value (52)) in
the case of a composite scalar boson.
where nF is the number of technifermions included in the
model.
The SM trilinear scalar coupling value, according to
the normalization of Ref. [95], is
λSM =
M2H
2v2
. (50)
Combined with the above normalization, the trilinear
coupling of Eq.(49) leads to the following scalar trilin-
ear coupling λ:
λ =
1
6v
λ
3H
. (51)
Considering Eqs.(49) and (51), v = F
Π
, and the rela-
tion
M2W =
g2WF
2
Π
4
we obtain for the trilinear coupling
λ =
1
16pi2
(
3nF
F 4
Π
)∫ M2E
0
Σ4(p2)p4dp2
(p2 +Σ2(p2))3
, (52)
which is the trilinear scalar composite coupling that can
be compared to the SM coupling of Eq.(50).
Using the results for the TC self-energy obtained in
Ref. [36] and Sec. III, which is dominated by diagrams
(a1) and (a4) of Fig.2, we compute the trilinear cou-
pling presented in Eq.(52). A comparison of the tri-
linear composite coupling with the SM one is shown
in Fig.7. The composite trilinear coupling does differ
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from the SM one, but only a small amount. In Fig.
7 we also show the current LHC limits on this cou-
pling obtained in Ref. [95] from the (bb¯γγ) signal, whose
values are λ < −1.3λSM = −0.169 (red region) and
λ > 8.7λSM = 1.13 (green region). Figure 7 remind us
that the actual result for the scalar trilinear coupling does
vary withME , and this variation should appear when the
coupled gap equations are solved taking into account the
running of the ETC gauge coupling constant. Of course,
this will introduce only a small variation in the curves of
that figure. The white region is not excluded yet, and
this large region shows how difficult it is to differentiate
one composite scalar boson from a fundamental one by
just observing the specific coupling.
VIII. CONCLUSIONS
In Refs. [35, 36] we called attention to the fact that
the self-energies of strongly interacting theories are mod-
ified when we consider coupled SDEs including radiative
corrections. The effect of the radiative corrections is not
very different from the ad hoc introduction of effective
four-fermion interactions, as verified many years ago by
Takeuchi [34], and it leads to self-energies that decrease
logarithmically with the momentum. This effect was re-
viewed in the Introduction of this work, where it was
made clear that the usual TC model building has to be
modified, where the ordinary fermion mass hierarchy is
not related to different ETC gauge boson masses.
The presence of a horizontal symmetry is mandatory in
the type of models envisaged in Sec. II. This symmetry
is necessary to give masses to only the third generation of
ordinary fermions at leading order. The model discussed
in Sec. II is based on the non-Abelian gauge group struc-
ture SU(9)U ⊗ SU(3)H , where the SU(9)U group con-
tains the SM, an SU(5)gg Georgy-Glashow GUT [45],
and a SU(4)TC group. The SU(3)H horizontal symme-
try was introduced in such a way that their fermionic
quantum numbers allow only the third fermionic gener-
ation to be coupled to the technifermions. The other
fermions remain massless at leading order. However, the
first-generation fermions obtain their masses due to the
coupling with QCD, which also has a slowly decreasing
self-energy. This is the most interesting fact of our model:
the different fermionic mass scales are dictated by the
different strong interactions present in the model! We
have shown some of the diagrams that generate the dif-
ferent masses, and made rough estimates of their masses.
We believe that a large number of theories can be built
along the lines of the model of Sec. II. Precise deter-
minations of fermion masses in this type of model will
demand a lengthy determination of SDE coupled equa-
tions, where different self-energies can be fitted by equa-
tions like Eq.(5).
The fact that the ETC interactions can be pushed to
very high energies apparently seems to open a path for a
plethora of TC models capable of describing the ordinary
fermionic mass spectra. The determination of fermion
masses will involve a delicate balance of different gauge
group theories for TC, ETC (or GUT), and horizontal
symmetry. The ordinary fermion mass matrix calculation
will involve the knowledge of specific Casimir eigenvalues,
which will depend on the different fermionic representa-
tions of the different gauge groups. It will also involve
the different coupling constant values of these theories at
different scales, and the far more demanding solutions of
the coupled system of Schwinger-Dyson equations even
with a minimum of approximations. Therefore, while a
new frontier arise, generic combination of gauge theories
and respective fermionic representations will not be able
to explain the known fermionic spectra, meaning that an
enormous engineering effort will be necessary for a precise
calculation of ordinary fermion masses.
In Sec, III we discussed how the composite scalar bo-
son may have a mass lighter than the characteristic mass
scale of the theory that forms the composite particle.
This could explain how the observed Higgs boson mass,
if composite, is smaller than the Fermi mass scale. Per-
haps the most important factor regarding the mass value
of the scalar composite resides in the normalization con-
dition of the inhomogeneous BSE, which has to be taken
into account when the self-energy is hard and not de-
caying as 1/p2. The normalization condition, as shown
by the results presented in Table I, is enough to lower
the scalar mass by a factor of 1/10. However, we have
listed many other effects that may also lower the scalar
composite mass.
Section IV contains a brief discussion about pseudo-
Goldstone boson masses. It is just a complementary dis-
cussion to the one already presented in Refs. [35, 36],
indicating that their masses should be of the order of or
higher than that of the observed Higgs boson. Moreover,
the pseudo-Goldstone bosons couple at leading order only
to the third-generation fermions, which is another fact
that will complicate their experimental observation.
In Sec. V we computed the TC condensate in the cou-
pled SDE scenario. This calculation serves as a com-
parison with the enhancement that appears in the TC
condensate in walking TC theories. Although the mech-
anism is totally different, i.e., here the gauge theory is
just a running theory, there is also one enhancement in
the condensates as a result of a logarithmically decreas-
ing self-energy with the momentum. Again, it is possible
to verify that the effect is not qualitatively different from
the ad hoc inclusion of a four-fermion interaction, which
is replaced by genuine radiative corrections of known in-
teractions.
In Sec. VI we commented on possible experimental
constraints on this type of model. The main point is
that the ETC gauge boson masses may be pushed to
very high energies and unnatural flavor-changing events
will be absent. The S parameter will be of the expected
order, and should not differ from the case of TC as a
scaled QCD theory. Complementing the discussion of
Sec. IV with what was presented in Sec. V, we estimated
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pseudo-Goldstone masses and verified that they cannot
yet be seen at the LHC according the analysis of Ref. [78].
In Sec. VII we computed the trilinear scalar coupling
and verified that a signal of compositeness is far from be-
ing observed with the present data [95], and this coupling
does not differ by a large amount from the SM value in
the case of a fundamental scalar boson. Finally, we may
say that in the scenario presented in this work there is
a possibility that the SM gauge symmetry breaking pro-
moted dynamically by composite scalar bosons is still
alive.
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